The RyR (ryanodine receptor)/calcium release channel contains a number of highly reactive thiol groups that endow it with redox sensitivity. In general, oxidizing conditions favour channel opening, while reducing conditions have the opposite effect. Thiol modification affects the channel sensitivity to its principal effectors, Ca 2+ , Mg 2+ and ATP, and alters RyR protein interactions. Here, we give a brief account of the major findings and prevailing views in the field.
and prevailing views in the field.
The RyR (ryanodine receptor) is an intracellular ion channel mediating Ca 2+ release from intracellular stores. Mammals express three RyR isoforms in both excitable and nonexcitable cells, primarily on the SR (sarcoplasmic reticulum). RyR1 and RyR2 are the predominant forms expressed in skeletal and cardiac muscles respectively, while RyR3 is found at very low levels in various tissues. RyR channel activity is regulated by Ca 2+ , Mg 2+ , ATP, phosphorylation status and by accessory proteins.
Effects of thiol-modifying reagents on RyR channel activity
Typically, redox modifications in proteins involve thiol groups of neighbouring cysteine residues forming disulfide bonds or mixed thiols most commonly with glutathione (S-glutathionylation). RyR1 contains 100 cysteine residues per subunit of which approx. 29 are free [1] , whereas RyR2 contains 89 cysteine residues of which approx. 21 are free [2] . Thus RyRs have a large number of free thiols that are amenable to redox reactions. Pharmacological thiol-reactive reagents, including thimerosal, dithiodipyridines, N-ethylmaleimide and diamide, activate RyR Ca 2+ release from skeletal and cardiac muscle [3] [4] [5] . This effect was reversed by the reducing reagents, DTT (dithiothreitol) and GSH. Prolonged exposure to oxidants or use of high concentrations led to irreversible loss of channel activity.
Endogenous physiological redox modulators have also been shown to affect RyR channel activity. Glutathione in its reduced (GSH) and oxidized (GSSG) forms constitutes the major redox buffer in mammalian cells. GSH inhibits skeletalmuscle RyR, while GSSG is stimulatory through oxidation of cytoplasm-facing thiols [6] . RyR1 is also activated by an elevation in the cytoplasmic redox potential set by decreasing the GSH/GSSG ratio [7, 8] . RyRs are endogenously S-glu-tathionylated and the level of S-glutathionylation increase under oxidative conditions [9, 10] .
ROS (reactive oxygen species), including superoxide anion radical (O 2
•− ), H 2 O 2 and hydroxyl radical (OH • ), are highly reactive and cause oxidation of protein thiols. ROS have been traditionally associated with pathological conditions leading to cellular damage; however, they also have a physiological role participating in signal transduction processes. H 2 O 2 was found to induce SR Ca 2+ release by stimulating skeletal and cardiac-muscle RyR channel activity [11, 12] . DTT reversed this activating effect, while prolonged exposure to H 2 O 2 led to irreversible inhibition. H 2 O 2 activation is mediated by formation of inter-subunit disulfide bonds [12, 13] ; the cysteine residues involved may be located on the luminal side of the RyR or within a transmembrane segment [14] . Production of O 2
•− and OH • was also shown to stimulate RyR channel activity [15] [16] [17] .
ROS and O 2 •− in particular have been implicated in the action of nicotinamide-adenine dinucleotides (NADH/ NAD + ) in both skeletal and cardiac muscles, but with some important differences. NADH inhibited RyR2 activity, which was reversed by NAD + , while both NADH and NAD + activated RyR1; however, the latter effects were mediated through the ATP activation-binding site [18] . NADH stimulates RyR Ca 2+ release via O 2 •− generation through an SR-associated NADH oxidase in skeletal and coronary artery smooth muscle [19, 20] . An NADH oxidase coupled with O 2
•− generation with similar, but not identical, pharmacology has also been described in cardiac SR and may mediate the inhibitory action of NADH on RyR2 [21] . However, the mechanism of NADH inhibition of RyR2 activity is unclear, since it was independent of O 2
•− production [16] . In addition, a recent report described a cardiac SR NADPH oxidase that promotes RyR2 S-glutathionylation and activation through an O 2
•− -dependent mechanism, while NADH was still inhibitory [10] .
Nitric oxide (NO) has also been proposed to be an important physiological modulator of RyR function. Initial studies suggested an inhibitory action since NO, generated from arginine by endogenous nitric oxide synthase, decreased RyR channel activity [22, 23] . Later studies, however, suggest a stimulatory action for NO and importance of tissue O 2 tension in channel function [1] . At a muscle O 2 tension of appox. 10 mmHg (1 mmHg = 0.133 kPa), physiological concentrations of NO activated RyR1 but were ineffective at ambient O 2 tension (∼150 mmHg). NO activates the channel by S-nitrosylating a single cysteine residue, Cys 3635 , and the effect of NO action is to counteract calmodulin inhibition [1, 24] . However, the role of O 2 tension and NO activation of RyRs have recently been questioned [25] . Nevertheless, RyRs are endogenously S-nitrosylated [1, 2] , and while the effect of molecular NO is debatable, several studies demonstrate that NO donors activate both the skeletal and cardiac RyR even at ambient O 2 tension [2, 13, [26] [27] [28] [29] [30] . Although subtle differences exist in the action of different NO donors, depending on their chemistry, hydrophobicity and concentration, these reagents were shown to stimulate RyRs by S-nitrosylation of more than one cysteine and also oxidation of additional thiols.
Mechanisms of oxidation-induced RyR activation
RyR1 redox potential, estimated as -165 mV, was found to be sensitive to channel modulators [7] . Conditions that favour channel opening lowered RyR1 redox potential, which promotes oxidation of critical thiols to a disulfide, whereas conditions that close the channel have the opposite effect. In addition, it was proposed that the RyR functions as a transmembrane redox sensor, sensitive to changes in redox potential on either side of the SR membrane [31] ; however, this finding has been contested [8] .
Several studies suggest that at least three classes of functional cysteine residues modulate RyRs, although isoformspecific differences may exist [2, 4, [32] [33] [34] . At least one class is involved in channel activation and another class comprises inhibitory thiols, both possibly located within the transmembrane assembly. RyR1 channel activity has been correlated with the number of free thiol groups [34] . Under physiological conditions, RyR1 free thiol content is high (∼48 per subunit) and is associated with low channel activity. Oxidation of approximately ten thiols has little effect on channel activity, while reversible oxidation of approx. 15 extra thiols increased channel activity. More extensive oxidation (loss of ∼10 additional thiols) inactivated the channel irreversibly.
Oxidation-induced RyR activation results from increased channel sensitivity to Ca 2+ activation [7, 8, [34] [35] [36] . Furthermore, thiol modification alters the Ca 2+ -dependence of the channel [8, 35, 36] . Typically, native RyR channels from skeletal muscle, heart or brain display three different types of behaviour: (i) low activity and bell-shaped Ca 2+ -dependence, (ii) moderate activity and bell-shaped Ca 2+ -dependence, and (iii) high activity and sigmoidal Ca 2+ -dependence. Oxidation progressively increases channel activity and modifies Ca 2+ -dependence sequentially from type I to type II and then type III behaviour, while thiol reduction had the opposite effect. These studies demonstrate that the presence of a predominantly single RyR isoform, as in mammalian skeletal (RyR1) and cardiac (RyR2) muscles, does not define single calcium dependence and channel activity behaviour. Further, RyR thiol oxidation increases channel sensitivity to ATP activation [8, 36] (but also see [37] ) and decreases Mg 2+ inhibition of both RyR1 and RyR2 [30, 37, 38] .
Redox modulation of RyR activity may involve altered protein-protein interactions. Indeed, reactive thiol groups mediate intra-and inter-subunit cross-links in RyR1 [39] , formation of high-molecular-mass complexes with triadin [40] , calmodulin binding [1, 9, 15, 41] and FKBP12 (FK506-binding protein 12) binding [9] .
Conclusions
Thiol modification of RyR leads to altered sensitivity of the channel to Ca 2+ , Mg 2+ and ATP and critical protein interactions, and is manifested by changes in channel activity. Redox regulation of channel activity depends on the degree and type of thiol modification, which in turn depends on the redox chemistry, redox potential, hydrophobic nature and concentration of the redox reagent employed.
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